S kull base tumors with close anatomical association to orbit, optic nerve, and the cavernous sinus often cause neurological symptoms like loss of visual function and exophthalmus. In most cases resection (complete or partial removal) is the most promising and most effective therapeutic approach with regard to preservation or restoration of visual function. Furthermore, operative tumor removal or reduction is a crucial step in multidisciplinary operative as well as medical or radiotherapeutic treatment concepts, because it allows exact histological diagnosis and safe decompression of anatomical structures at risk. However, resection of these tumors is associated with increased perioperative morbidity due to the proximity of highly sensitive structures-e.g., cranial nerves abbreviatioNs CN = cranial nerve; iCT = intraoperative CT; iMRI = intraoperative MRI; NNS = neuronavigational system. obJective Treatment of skull base lesions is complex and usually requires a multidisciplinary approach. In meningioma, which is the most common tumor entity in this region, resection is considered to be the most important therapeutic step to avoid tumor recurrence. However, resection of skull base lesions with orbital or optic nerve involvement poses a challenge due to their anatomical structure and their proximity to eloquent areas. Therefore the main goal of surgery should be to achieve the maximum extent of resection while preserving neurological function. In the postoperative course, medical and radiotherapeutic strategies may then be successfully used to treat possible tumor residues. Methods to safely improve the extent of resection in skull base lesions therefore are desirable. The current study reports the authors' experience with the use of intraoperative CT (iCT) combined with neuronavigation with regard to feasibility and possible benefits of the method. methods Those patients with tumorous lesions in relationship to the orbit, sphenoid wing, or cavernous sinus who were surgically treated between October 2008 and December 2013 using iCT-based neuronavigation and in whom an intraoperative scan was obtained for control of resection were included. In all cases a second iCT scan was performed under sterile conditions after completion of navigation-guided microsurgical tumor resection. The surgical strategy was adapted accordingly; if necessary, resection was continued. results Twenty-three patients (19 with WHO Grade I meningioma and 4 with other lesions) were included. The most common clinical symptoms were loss of visual acuity and exophthalmus. Intraoperative control of resection by iCT was successfully obtained in all cases. Intraoperative imaging changed the surgical approach in more than half (52.2%) of these patients, either because iCT demonstrated unexpected residual tumor masses or because the second scan revealed additional tumor tissue that was not detected in the first scan due to overlay by osseous tumor parts; in these cases resection was continued. In the remaining cases resection was concluded as planned because iCT verified the surgeon's microscopic estimation of tumor resection status. Postoperative visual outcome was favorable in more than 80% of patients. coNclusioNs Intraoperative CT allows control of resection in case of uncertainty and can help to improve the extent of maximal safe resection, especially in case of osseous tumor parts and masses within the orbit.
(CNs) II, III, IV, and VI; the carotid artery; and the cavernous sinus. Furthermore, osseous tumor parts typically grossly distort normal anatomy, which further complicates surgical removal.
In an effort to improve resection safety, the use of image-guided surgery via various neuronavigational systems (NNSs) has been proposed. In the last few years its successful application during resection of orbit-associated tumors has been anecdotally reported. 10, 11, 13, 17, 29, 34 The existing literature suggests that neuronavigation is a helpful and valuable tool to reduce perioperative morbidity while improving resection grade. However, the cases described in the literature used preoperatively obtained imaging (CT, MRI, or a combination of both) for the navigation. Intraoperative CT (iCT) obtained by a multislice scanner that is mounted in the operation theater allows for quick performance of scans that can be used for referencing of the NNS after the patient has been positioned for the operation. The combination of iCT and NNS has been proven to be highly accurate and surgically precise in other parts of the cranium. 32 In our experience so far, 33, 35 iCT provides excellent NNS accuracy and the possibility to perform further intraoperative scans to update NNS data. Even more importantly, iCT scanning offers the possibility of intraoperative imaging of spheno-orbital tumors as a control of resection. iCT scanning, especially intraoperative control of resection by iCT, may therefore be used to increase the extent of resection in cases of uncertainty while providing maximum navigation accuracy and, thereby, safety for critical anatomical structures.
The aim of this study was to evaluate iCT-guided resection of orbit-associated tumors and iCT control of resection with regard to feasibility and possible benefits of the method.
methods patient population
Patients undergoing microsurgical resection of skull base or orbit-associated lesions between October 2008 and December 2013 using CT-guided neuronavigation were screened. Patients gave informed consent for the operation and the use of iCT navigation, including performance of the baseline CT scan and possible further intraoperative scans for control of resection. Only those patients who received a second intraoperative scan were included in the final analysis.
preoperative imaging for Navigation
The standard image modality for image-guided surgery is cranial MRI; therefore contrast-enhanced, highresolution T1-and T2-weighted imaging in 3 planes was performed on the day prior to surgery when possible. A DOTATOC-PET scan was obtained in cases of extensive and/or recurrent meningioma to evaluate the extent to which osseous structures were affected by the tumor, especially in cases in which PET scanning had been previously performed for follow-up or in cases where postoperative radiotherapy was planned or discussed. As recently demonstrated, 26 DOTATOC-PET helps to discern normal brain parenchyma and tumor tissue intraoperatively, and so this modality was implemented into navigation when available.
Neuronavigation and ict
The intraoperative setup has been described previously. 33, 35 In short, preoperatively obtained imaging was fused using the navigation software. A ceiling-mounted frameless infrared-based NNS (Vector Vision, BrainLab) was used during the operation. After positioning the patient for surgery on the carbon operating table using a radiotranslucent Mayfield clamp made of carbon with radiolucent skull pins (Integra), baseline imaging was obtained with a 40-multislice sliding-gantry CT scanner (Somatom Sensation Open Sliding Gantry, Siemens Medical Solutions) with collimation at 120 kV, 320 mAs, a pitch of 0.9, and a rotation time of 1 second. Images were then reconstructed in 3D in 0.75-to 1.0-mm slice thickness. The CT scanner was directly connected to the NNS, allowing direct transfer of the data for automated registration; the registration accuracy was then ascertained by touching 6 superficial anatomical landmarks (e.g., acoustic meatus) with a nonsterile indicator tool. If registration accuracy was calculated to be deviated by more than 1.5 mm, the coregistration process was repeated. If accuracy was deemed sufficient, the gantry was moved into parking position. After skin sterilization and sterile draping microsurgical tumor resection was performed according to the department standard by using a previously established work flow for CTnavigated cranial operations. 33 After the preoperatively established goal of the operation (complete tumor resection, partial resection of critical tumor parts, optic nerve decompression) was achieved as judged by the responsible surgeon, an intraoperative second CT scan was performed when deemed necessary (in cases of complex and/or distorted anatomy, recurrent tumor). For this purpose sterile draping was applied after removal of all metal objects in the operation site, and the CT scan was repeated using the same parameters as the baseline scan.
data analysis
Data collection and analysis was performed retrospectively using patient files and radiographic data obtained pre-, intra-, and postoperatively.
results patients characteristics
Fifty-two patients with orbit-associated lesions received iCT-guided neuronavigation during the recruitment period. In 23 cases a second scan was requisitioned by the surgeon. These 23 patients, 21 (91.3%) of whom were female and 2 (8.7%) of whom were male (Table 1) , were included in this retrospective analysis. The mean age at operation was 49 ± 10 years (mean ± SD). Nine of 23 (39%) patients presented to our department with recurrent tumor growth and had undergone at least 1 previous operation.
The most common symptoms on admission to the hospital were loss of visual acuity and/or visual field defects (10/23, 43.5%), exophthalmus (13/23, 56.5%), and double vision (10/23, 43.5%). However, only 2 patients had had 
Neuronavigation and baseline ict scan
Neuronavigation was successfully used in all cases; in 21/23 patients (91.3%) baseline CT data were fused with preoperatively obtained MR images (T1, T1 with contrast, T2), and in 5 cases (21.7%) neuronavigation was performed based on preoperative MR images fused with DOTATOC-PET-CT. In the 2 remaining cases (8.7%), in which MRI could not be performed due to claustrophobia and a non-MRI-compatible pacemaker, we used CT data only. Figure 1 shows representative NNS screen shots obtained while using MRI-iCT-based ( Fig. 1 left) or PETiCT-based ( Fig. 1 right) data. Baseline scanning and the referencing of the NNS was performed within 15 minutes in all cases, and radiation exposure was 62.7 ± 3.2 mGy (mean ± SD).
operation and ict control
No aggressive effort at complete tumor removal was attempted in the region of the cavernous sinus when there was tumor infiltration (n = 5). Tumor-affected bone was removed when possible, or drilled off using a diamond-tip high-speed drill. A second iCT scan was performed under sterile conditions to ascertain tumor resection status; the expenditure of time necessary was less than 15 minutes, and the exposure dose was 63.7 ± 3.7 mGy (mean ± SD). The images were reconstructed in the axial plane in 1-mm sections in bone and tissue kernel, and then the second iCT scan was imported into the neuronavigation system and fused with the preoperative iCT. Image quality was excellent as far as osseous structures were concerned, and it was good for soft-tissue imaging, all intraoperative control CTs were suitable for image fusion. There were some artifacts in the region of the head pins; because the pins were placed outside of the region of interest (skull base, orbit) these were negligible as far as navigation was concerned. After craniotomy the air surface artifacts were increased, deteriorating the image quality for soft tissue (see Figs. 2 and 3, panel C, lower row) . However, the image quality for osseous structures was good (see Figs. 2 and 3 , panel C, upper row), so NNS viability and accuracy was not impaired.
Navigation accuracy was then reconfirmed, and brain shift was negligible in the regions of interest at the skull base. Artifacts were observed at the air-brain surface, and these impaired the quality and resolution of the iCT scan in the superficial temporal region. However, skull base and skull base structures could be assessed without a problem, especially in bone kernel reconstructions. Figures 2-4 show illustrative cases; pre-and postoperative MRI is represented on the left and right side, respectively. In the middle of the panels the baseline iCT and iCT resection control scans are shown. After evaluation of the scan, tumor resection was concluded in 11 (47.8%) cases because iCT confirmed achievement of the intended operative result. However, in the other 12 cases resection was continued: in 6 cases, CT scanning revealed tumor masses intended for resection that were not obvious in situ (50%), in 3 patients the second scan revealed tumor tissue not obvious in the baseline examination due to overlay by bony tumor sections (25%). Intraoperative resection control proved to be especially helpful in evaluating extent of resection of osseous tumor parts: in 5 of the 12 patients (41.7%) resection was extended because optic nerve decompression was deemed insufficient radiomorphologically. Figure 5 shows 2 examples (Cases 12 and 22). In 1 patient (Case 15), the tumor was situated intraorbitally and was hard to localize intraoperatively; therefore we performed iCT after insertion of a cotton pad immersed in contrast agent, which helped to localize the tumor and define its margins. In 3 cases where contrast was applied, the position and placement of orbital reconstruction material could be assessed, and was adapted in 1 case.
postoperative outcome
Histopathological examination showed meningioma WHO Grade I in the majority (19 [82.6%]) of patients. In the remaining cases the pathological diagnosis was chon- Three months after operation, visual acuity and/or visual field defects remained stable or improved in 82.6% of patients. Exophthalmus was resolved or significantly reduced within 3 months of operation in 11/13 patients initially presenting with this symptom. Within this series, tumor recurrence requiring operation has occurred in only 2/19 patients with meningioma WHO Grade I so far (4.5 and 4.9 years after the initial operation).
discussion
Tumors of the skull base, especially sphenoid ridge or spheno-orbital meningiomas, have a complex anatomy and involve cranial nerves, major blood vessels, and the optical system including the orbit. Because skull base tumors often have extended osseous components that grossly distort normal anatomy, intraoperative orientation might be further compromised. 2, 16, 25 Therefore, aggressive resection can be associated with significant morbidity, and previously many of these lesions were considered unresectable. The development of complex neurosurgical approaches to the skull base and orbit as well as interdisciplinary operation teams including ophthalmic, otorhinolaryngological, and craniomaxillofacial surgeons led to a drop in morbidity rates while extent of resection increased. 12, 27, 28, 31 However, even in these series, postoperative morbidity was reported to occur at least transiently in 30% 27 to 69% of patients. 28 Because extended skull base tumors involving bone, dura mater, and the orbital system are hard to adequately resect, recurrence rates are high. Although 5-to 10-year regrowth rates of 50% and more 1, 9, 21 seem to be a thing of the past, complete resection is seldom achieved. 6, 20, 27 However, there is a clear correlation between extent of resection and recurrence rate. [18] [19] [20] Furthermore, surgical debulking of tumor masses is often necessary to achieve an exact histological diagnosis, and decompression of neurological structures at risk is a prerequisite for subsequent radiation therapy or radiosurgery. Maximum possible resection should be achieved while reducing the risk of new deficits. Several groups reported the successful use of various neuronavigation devices based on preoperatively acquired CT or MRI scans during surgical removal of orbit-associated tumors. 3, 7, 8, 11, 13, 15, 34 Most researchers conclude that the use of image-guided surgery is especially helpful in planning the optimal surgical approach and increasing resection grade independently of the tumor entity 3,15,29 while increasing safety, thus reducing if not completely avoiding operative morbidity.
In this study we combined an NNS with iCT for resection of orbit-associated tumors. iCT-based neuronavigation is advantageous because it allows referencing to be done in the same position in which the surgery is performed; thus navigation accuracy is improved by eliminating position-dependent brain shift. As previously demonstrated, iCT can be integrated into the operative work flow without major delay of the operation and major changes to the operative routine. 33, 35 The possibility of performing intraoperative imaging allows for control of resection and updating of the NNS data. In more than half of the cases this information led to continuation of tumor removal, which would have been terminated otherwise. In this retrospective series we did not experience adverse outcome; on the contrary, visual function was conserved or improved in the vast majority of cases. It can therefore be considered a most valuable tool for safely maximizing the extent of tumor resection and can add valuable information, especially in cases in which orientation is hindered.
One major drawback of iCT, however, is exposure to radiation. A number of groups therefore favor intraoperative MRI (iMRI) in combination with neuronavigation. 5, 23, 24 iMRI has quickly been proven to be very valuable in glioma surgery; due to its superior resolution of brain parenchyma and glioma tissue, iMRI has been shown to improve the extent of resection in low-grade as well as high-grade gliomas. 4, 14, 30 Furthermore, iMRI resection control imaging is advantageous due to the absence of exposure to x-rays. However, iMRI is quite time consuming, requires a dedicated operating theater and operating room equipment, and is significantly more costly than CT. In the context of spheno-orbital tumors, iMRI has the additional drawback that the commonly existing bony tumor parts are not ideally imaged; because osseous fractions might constitute the main bulk of spheno-orbital and/or skull base tumors, iMRI most probably is not as helpful as iCT as far as the intraoperative control of resection is concerned.
Furthermore, patients with spheno-orbital tumors usually undergo pre-and postoperative CT scanning even if they receive MRI and PET scans to evaluate bony tumor sections; in our series, preoperative CT scanning was not performed in cases in which iCT was planned. We therefore think that in the special case of orbit-associated tumor resection, iCT might be superior to iMRI as far as intraoperative imaging and intraoperative control of resection is concerned. This is the first study to introduce iCT-based neuronavigation to skull base surgery. In our experience, the main advantages of iCT examinations were good depiction of osseous tumor residues, high neuronavigation accuracy due to little brain shift in the region of the skull base, and short examination duration allowing for repeated assessments without undue delay of the operation. Routine application of iCT-based neuronavigation during skull base tumor surgery therefore is feasible and expedient. In more than half of the patients tumor removal was extended after the intraoperative control of resection, indicating that iCT significantly influenced extent of resection. In the present series the neurological and ophthalmological outcome was favorable, and in more than 80% of patients visual acuity was stable or improved. There were no perioperative deaths. Compared with other large series of skull base tumor resection 9, [17] [18] [19] 22, 27 the complication rate was low. So far, recurrence requiring operation occurred in only 2 patients. Given the small number of patients the study inevitably has limitations. Whereas we do not propose intraoperative control of resection as a standard procedure for all skull base operations, it can be very helpful in a highly selected cohort of patients in whom complex tumor configuration and distorted anatomy due to previous operation(s) and/or tumor growth impede exact appraisal of resection status. In these cases it may lead to more ag- gressive yet safe tumor removal, and thus to a better outcome. Timing of the intraoperative scan and experience of the surgeon may influence the usefulness of the information gained by iCT.
conclusions
Further investigation is needed to determine whether intraoperative control of resection by iCT significantly improves outcome and lowers recurrence rates. However, our feasibility study indicates that iCT-based navigation with intraoperative resection control may be a valuable tool in orbit-associated and skull base tumor surgery. showed extensive osteomeningioma. The initial iCT scan (center) used for navigation confirms an extensive osseous tumor component impacting the orbit and optic canal. The second iCT (right) showed insufficient osseous decompression of the orbit (arrow), and resection was therefore continued. lower rows: Case 22. In this recurrent osteomeningioma radiation therapy was planned after decompression of the optic nerve; the second iCT scan (lower right) revealed incomplete optic nerve decompression (arrow), so resection was continued. Figure is available in color online only.
